To assess the role of fasting plasma nonesterified fatty acids (NEFA) in the development of non-insulin-dependent diabetes mellitus (NIDDM), data were analysed from annual examinations of 190 non-diabetic Pima Indians. Glucose tolerance was measured by a 75-g oral glucose tolerance test, insulin action by a euglycaemic hyperinsulinaemic (40 mU. m -2. min -~) clamp and in vitro lipolysis using isolated abdominal fat cells. After a mean follow-up period of 4.0+2.4years (mean+ SD), 47subjects developed NIDDM. Risk factors for NIDDM were estimated by proportional-hazards analysis and risk ratios (RR) with 95 % confidence intervals (95 % CI) calculated at the 90th and 10th percentile of the predictor variables. A large average fat-cell volume was predictive of NIDDM (RR = 2.4; 95 % CI = 1.24.8) independent of age, sex, percent body fat and body fat distribution. A high fasting plasma NEFA concentration was also a risk factor for NIDDM (RR = 2.3; 95 % CI = 1.1-4.7) independent of sex, percent body fat, waist/thigh ratio, insulin-mediated glucose uptake and fasting triglyceride concentration. We conclude that large fat cells and the resulting increased plasma NEFA concentrations are risk factors for the development of NIDDM. [Diabetiologia (1995[Diabetiologia ( ) 38: 1213[Diabetiologia ( -1217 Key words Non-esterified fatty acids, non-insulin-dependent diabetes mellitus, obesity, insulin action, "in vitro" lipolysis.
take and glucose oxidation. An acute increase in plasma NEFA concentrations induced by lipid/heparin infusion causes a decrease in insulin-mediated glucose disposal [4] [5] [6] while an acute decrease in NEFA concentrations by antilipolytic agents is accompanied by an increase in insulin-mediated glucose oxidation [7] [8] . Enhanced NEFA availability increases lipid oxidation which in turn inhibits both glucose oxidation and non-oxidative glucose metabolism [9, 10] . The inhibitory effect of NEFA on non-oxidative glucose disposal seems to result from the inhibition of glycogen synthase [9, 10] .
Surprisingly, despite the abundance of information on the physiological role of plasma NEFA on carbohydrate metabolism, no prospective study has been designed to address whether high plasma NEFA concentration predicts the development of NIDDM independently of insulin resistance. We have, therefore, tested whether large fat cells and high rates of in vitro fat-cell lipolysis are associated with high plasma fasting NEFA concentrations and whether these three factors are predictive of NIDDM. 
Subjects and methods
Subjects. From 1982 through 1992, 200 non-diabetic Pima Indians were enrolled in prospective studies of the development of NIDDM [1] . Only 190 subjects (97 women and 93 men; age 26 + 6 years) in whom plasma NEFA concentrations were measured are included in this analysis (Table 1) . Among these subjects, 156 were included in our previous longitudinal analysis of precursors of NIDDM [1] . The subjects were asked to return each year for testing that included a 75-g oral glucose tolerance test [11] and a euglycaemic hyperinsulinaemic glucose clamp. Glucose tolerance was normal in 133 volunteers and impaired in the remaining 57 subjects. The study protocol was approved by the ethics committees of the National Institute of Diabetes and Digestive and Kidney Disease (NIDDK) and the Indian Health Service, and by the Gila River Indian Community. Subjects gave written informed consent.
In vivo studies. All subjects were admitted to the metabolic ward of the Clinical Diabetes and Nutrition Section of the NIDDK for 8 to 15 days, during which they were fed a weight-maintaining diet. Body fat mass and fat-free mass were determined by underwater weighing [12, 13] . The waist circumference of each subject was measured at the umbilicus (lying) and the thigh circumference at the gluteal fold (standing). The ratio of the two circumferences was used as an index of body fat distribution. A euglycaemic hyperinsulinaemic (insulin infusion rate: 40 mU. m -2. min -1) glucose clamp was performed to measure insulin action, as previously described [14] . Before the clamp, substrate oxidation was determined by indirect calorimetry [4] . Glucose uptake and oxidation rates were normalized to estimated metabolic body sizes, calculated as fat-free body mass plus 14 kg [15] . Three fasting blood samples were drawn before the clamp study to measure plasma NEFA concentrations, while another blood sample was drawn on a different day for plasma triglyceride determination.
In a subset of 103 subjects, acute plasma insulin response to intravenous glucose (25 g injected over 3.6 rain) was also determined. Blood samples were collected at 3, 4 and 5 min following the injection, and the response was calculated as the incremental area under the curve from the third to the fifth min divided by two.
In vitro studies. After an overnight fast, subcutaneous abdominal adipose tissue cells were obtained as previously reported [16] . Isolated adipocytes were prepared by the collagenase technique according to Kashiwagi et al. [17] . Adipose cell size was determined by sizing osmium-fixed cells on a Coulter electronic counter with 400-gm aperture equipped with logarithmic range expander channelyser (Coulter Electronics, Irvine, Calif., USA). Lipolysis was measured by incubating isolated ada n = 49 for males and 54 for females ipocytes in 0.5 ml 5 % albumin-Hepes buffer at 37 ~ for 2 h with continuous shaking at 40 cycles/min. The buffer contained either no isoproterenol or 25 nmol/1 isoproterenol in the presence of 0, 12.5, 25, 50, 100, 200 and 8000 pmol/1 insulin. The incubation was terminated by the flotation method [18] . Under these conditions, glycerol release was linear for at least 3 h [16] . The concentration of insulin resulting in half-maximum suppression of 25 nmol/1 isoproterenol-stimulated lipolysis (EDs0 antilipolysis) was calculated as previously reported [16] .
Analytical methods. Plasma glucose concentration was measured by the glucose oxidase method using a Beckman Glucose Analyzer (Fullerton, Calif., USA). Plasma insulin concentration was determined by the modification of Herbert et al. [19] of the radioimmunoassay of Yalow and Berson [20] . NEFA were measured according to Miles et al. [21] and plasma triglyceride by the method of Bucolo and David [22] .
Statistical analyses. Statistical analyses were performed using computer programs from the SAS Institute (Cary, N.C., USA). Plasma insulin and triglyceride concentrations were log transformed to approximate normal distributions. Correlations are Pearson product-moment correlations. To estimate the impact of variables on the development of NIDDM independent of the duration of follow-up, proportional-hazards analyses were performed [23] . For a factor positively associated with NIDDM, the risk ratio estimates the relative hazard for a hypothetical subject at the 90th percentile divided by the hazard for a subject at the 10th percentile after adjustments for different covariates. Ninety-five percent confidence limits are presented for each risk ratio.
Results
Subject characteristics are reported in Table 1 . After a mean follow-up of 4.0+2.4years 47subjects (12 males and 35 females) developed NIDDM according to the World Health Organization criteria [11] . These 47 subjects were of similar age, but showed higher fasting and 2-h plasma glucose levels than the remaining 143 subjects (97 + 9 vs 93 +8 mmol/1, p < 0.007 and 146 + 28 vs 122 + 28 mmol/1, p < 0.0001, respectively). The average follow-up period for the remaining 143subjects was 4.2+ 2.4 years.
Large mean fat-cell size was predictive of NIDDM (RR = 4.3, CI = 2.2-8.2), and remained predictive after adjusting for age, sex, percent body fat Follow-up duration (years) Fig.1 . Predicted cumulative incidence (%) of developing NIDDM for subjects at the 90th (485 ~tmol/1) (A) and 10th (248 ~mol/l) ( 9 ) percentile of NEFA distribution. The predictive effect of NEFA is adjusted for differences in sex, percent body fat and insulin-mediated glucose uptake and body fat distribution (RR = 2.4, CI = 1.2-4.8) ( Table 2) . Basal (RR = 2.3, CI = 1.3-4.3) and isoproterenol-stimulated (RR = 2.6, CI--1.5-4.8) lipolysis were both predictive of NIDDM when values were expressed per cell, but not after adjusting for fatcell size (Table 2) . Similarly, the EDs0 for the inhibition of lipolysis by insulin was predictive of NIDDM, but not after adjustment for average volume cell size. High plasma NEFA concentration was predictive of NIDDM (RR = 3.5, CI = 2.0-6.1) even after adjusting for sex, percent body fat and insulin-mediated glucose uptake (RR = 2.1, CI = 1.1-4.2) (Fig. 1) , as well as after adjusting for body fat distribution and fasting plasma triglyceride concentration (RR = 2.3, CI = 1.1-4.7) ( Table 3) . When fat-cell size or acute insulin response were added to the model including sex, percent body fat and insulin-mediated glucose uptake, high plasma NEFA concentrations were no longer predictive of NIDDM (values available for acute insulin response in only 103 subjects; Table 3 ). All the above predictive relationships remained similar when the 57 subjects with impaired glucose tolerance were excluded.
Plasma triglyceride concentration (RR = 1.5, CI--0.7-3.4) and basal lipid oxidation (RR = 1.0, CI = 0.5-2.1) were not predictive of NIDDM independent of age, sex, percent body fat and body fat distribution.
Discussion
Our study provides evidence that large fat cells and high fasting plasma NEFA concentration are predictive of the development of NIDDM.
The relationship between average fat-cell size and NIDDM is not surprising since the volume of adipocytes is strongly related to obesity, a major risk factor for the development of NIDDM [1] . It is likely that larger fat cells have higher rates of lipolysis, leading to increased plasma NEFA concentrations. This hypothesis is supported by our previous data showing that the size of the fat depot rather than the basal rate of lipolysis per se determines NEFA availability [24] . In the present study, such a mechanism is also suggested by the positive correlation between average fat-cell size, basal lipolysis and fasting plasma NEFA concentration.
The inhibitory role of NEFA on glucose disposal via an increase in lipid oxidation was first proposed by Randle et al. [2] . Subsequent clinical studies have shown that infusion of triglyceride emulsions (Intralipid) causes a decrease in both oxidative [8, 10] and non-oxidative [5, 6, 10] glucose metabolism in man. When non-diabetic obese patients were compared to lean control subjects, glucose ingestion resulted in higher plasma glucose and insulin concentrations, probably due to impaired insulin action related to higher NEFA availability [25] . As recently reviewed by Fetber et al. [10] , increased lipid oxidation seems to inhibit glucose oxidation immediately, but to inhibit non-oxidative glucose metabolism after a delay. In this regard, it has been proposed that increased NEFA concentrations retard the rate of glycogen breakdown and inhibit glycogen synthase enzyme [9, 10, 26] . Evidence for this metabolic cascade was recently obtained in normal healthy subjects, during a euglycaemic hyperinsulinaemic glucose clamp with simultaneous triglyceride emulsion infusions [27, 28] . These authors observed a correlation between the increase in lipid oxidation and the decrease in muscle glycogen concentration [27] . Kelley et al. [29] provided further evidence for this mechanism by showing that increased plasma NEFA concentration resulted in a decrease in insulin-mediated glucose uptake, leg respiratory quotient, and muscle glycogen storage [29] . All these metabolic effects were also accompanied by a decline in pyruvate dehydrogenase and glycogen synthase activity.
The glucose-fatty acid cycle cannot entirely explain the effect of NEFA on the development of NIDDM since, in our study: a) fasting plasma NEFA concentrations predict NIDDM independently of insulin-mediated glucose uptake; b) basal lipid oxidation is not a significant predictor of NIDDM; and c) the predictive value of fasting NEFA concentrations on the development of NIDDM disappears when acute insulin response is added to the statistical model. Taken together these observations suggest that factors other than the glucose/fatty acid cycle could explain the effect of NEFA on the development of NIDDM.
The observation that the predictive value of plasma NEFA on NIDDM was not significant after adjusting for acute insulin response, suggests that NEFA may increase the risk of NIDDM by inhibiting insulin secretion. This hypothesis is supported by recent data showing that NEFA may inhibit in vitro insulin release [30, 31] but not by some older studies [32, 33] . In the study by Opara et al. [30] a 20-min exposure of islet cells to 5 mmol/1 fatty acids resulted in enhancement or decrease of glucose-stimulated insulin secretions for C16:O or C18:2 fatty acids, respectively whereas Zhou and Grill [31] showed that long-term exposure to increased NEFA concentration inhibited glucose-induced insulin secretion [31] . An alternative explanation is that the impaired insulin release results in increased lipolysis and thus in elevated NEFA plasma levels. Similar findings have recently been reported by Lee et al. [34] who made a strong case for the role of high plasma NEFA levels in the pathogenesis of NIDDM in obese Zucker diabetic fatty rats and described the inhibitory effect of NEFA on beta-cell response to glucose. Also, circulating NEFA levels can affect liver metabolism. It has been shown that NEFA inhibit insulin receptor binding and tyrosine kinase activity in isolated hepatocytes [35] and provide energy for gluconeogenesis thus increasing hepatic glucose output [36, 37] . However, since increased hepatic glucose production is not predictive of the development of NIDDM [1] , the impact of NEFA on liver metabolism is unlikely to play an important role in the aetiology of NIDDM.:
In conclusion, our results demonstrate that increased fasting plasma NEFA concentration is a significant independent risk factor for NIDDM. Further studies are needed to better understand all the possible effects of plasma NEFA on pathways of glucose metabolism, since the increased risk of NIDDM associated with higher plasma NEFA concentrations does not appear to be solely mediated through insulin action on glucose disposal.
